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We investigate the flavor-changing interactions in an extension of the standard 
model with singlet quarks and singlet Higgs, which are induced by the mixing be- 
tween the ordinary quarks and the singlet quarks (q-Q mixing). We consider the 
effects of the gauge and scalar interactions in the AF = 2 mixings of K , B^, B s 
and D° mesons to show the currently allowed range of the q-Q mixing. Then, we 
investigate the new physics around the electroweak scale to the TeV scale, which is 
accessible to the Large Hadron Collider. Especially, the scalar coupling mediated by 
the singlet Higgs may provide distinct signatures for the decays of the singlet quarks 
and Higgs particles, which should be compared with the conventionally expected 
ones via the gauge and standard Higgs couplings. Observations of the singlet quarks 
and Higgs particles will present us important insights on the q-Q mixing and Higgs 
mixing. 

PACS numbers: 12.60.-i, 14.65.Jk, 14.80.Ec, 12.15.-y 



I. INTRODUCTION 



As the standard model has been established in current experiments, the appearance of new 
physics now attracts growing interests especially in the light of the Large Hadron Collider 
(LHC). So far various extensions of the standard model with their own motivations have 
been investigated for new physics, including exotic fermions, extra Higgs fields, extended 
gauge interactions, supersymmetry, and so on. The new physics might already provide some 
significant effects in the low-energy particle phenomena such as flavor- changing processes. 
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It is now expected seriously that the new physics will reveal itself in the LHC experiments. 

Among many intriguing extensions of the standard model, we here investigate the new 
physics provided by isosinglet quarks, which are suggested in certain models such as E 6 - 
type unification [1]. Specifically, there are two types of singlet quarks, U with electric 
charge Q em = 2/3 and D with Q cm = —1/3, which may mix with the ordinary quarks. It 
is also reasonable to incorporate a singlet Higgs field S, which provides the singlet quark 
masses and the q-Q mixing between the ordinary quarks (q = u, d) and the singlet quarks 
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features arise through the q-Q mixing 
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unitarity of Cabibbo-Kobayashi-Maskawa (CKM) matrix within the ordinary quark sector 
is violated, and the flavor- changing neutral currents (FCNC's) appear at the tree-level. 
These flavor-changing interactions are described appropriately in terms of the q-Q mixing 



parameters and quark masses . Il8l. 120] . Then, the actual CKM mixing is reproduced 

up to the small unitarity violation provided the FCNC's are suppressed sufficiently with the 
small q-Q mixing. In this respect the presence of singlet quarks may introduce an interesting 



extension of the notion of natural flavor conservation 



27 



. Furthermore, the new CP- 



violating phases in q-Q mixing may provide significant contributions especially in the B 



meson physics 



ics [2, 3, sl, I], 
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It is also expected in cosmology that the singlet quarks and singlet Higgs field may 
play important roles in the early universe. Specifically, in the first-order electroweak phase 
transition the CP- violating q-Q mixing via the coupling with the complex singlet Higgs S can 
)e efficient to produce the chiral charge fluxes through the bubble wall for the baryogenesis 



29j, |30j. Furthermore, the presence of singlet Higgs field is preferable for realizing the strong 



enough first-order electroweak phase transition. 

As mentioned in the above, the singlet quarks and singlet Higgs bring various intriguing 



features in particle physics and cosmology. It is hence worth considering t 



reir phenomeno 



logical implications toward the discovery of them at the LHC |31l . 1321 . 1331 . I34j . 1351 . I36| . In 
this study we investigate the flavor- changing interactions in the presence of singlet quarks 
and singlet Higgs. The effects of the gauge interactions have been investigated extensively 

in the literature , y y y y y y y y 

H . [23! . y . [25I . [2^]. Here, we 



rather note that the scalar interactions mediated by the singlet Higgs may provide significant 

effects in some cases @,y, y y q, which has not been considered thoroughly so far in 
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the models with singlet quarks. 

The rest of this paper is organized as follows. In Sec. [Til we describe a representative 
model with singlet quarks and one complex singlet Higgs field, and review the essential 
features on the quark mixings and flavor- changing interactions. In Sec. II III we consider the 
effects of the flavor- changing interactions in the AF = 2 mixings of K°, Bd, B s and D° 
mesons to show the currently allowed range of the q-Q mixing. In Sec. [IV] we investigate the 
decays of the singlet quarks and Higgs particles, which may provide distinct signatures upon 
their productions at the LHC Sec. [V]is devoted to summary. In the Appendix [A] a detailed 
derivation is presented for the suitable relations among the gauge and scalar couplings. 



II. QUARK MIXINGS AND FLAVOR-CHANGING INTERACTIONS 

We first review the the essential features on the quark mixings and flavor-changing in- 
teractions including the singlet quarks and singlet Higgs, which are described appropriately 



in terms of the q-Q mixing parameters and quark masses (see Ref. [20( for the detailed 
description). We consider a representative electroweak model based on the gauge symmetry 
811(3)^ x 811(2)^ x U(l) y , where singlet quarks U and D together with one complex singlet 
Higgs field S are incorporated. The generic Yukawa couplings are given by 

Cy = - u c \ u y go $ H - U^h u ^ qo ^? H 

- <{f v S + &&)U - U^XuS + \'u&)U 

- d c \ d V^ qo $ H - D c h d V^ qo ^ H 

- d c (f D S + f' D S*)D - D C Q (X D S + \' D Si)D 

+H.c (1) 

in terms of the two-component Weyl fields for the electroweak eigenstates with subscript 
"0". (The generation indices and Lorentz factors are omitted here for simplicity.) The 
isodoublets of left-handed ordinary quarks are represented by 

with a certain 3x3 unitary matrix Vq. The Higgs doublet is also given by 

®h =\ H 1\ (3) 



H 



o 
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with $ H = iT 2 $* H - The Higgs fields develop vacuum expectation values (VEV's), 

(H°) = v/y/2, (S) = v s /V2, (4) 

where v = {V2G F )' l/2 = 246GeV, and v s ~ lOOGeV - ITeV is assumed. The possible 
complex phase 5s of (S) is not presented explicitly for simplicity of notation, which may be 
effectively included in the Yukawa couplings and the Higgs potential terms at the tree level. 



A. Quark masses and mixings 

The quark mass matrix is produced as 

m q = ( M ; A - ) . ( 5, 

The submatrices are given by 

M q = V/A^Q = h q v/y/2, (6) 

\Q = fQVs/V2, M Q = \+v s /V2, (7) 

where 

/+ = f Q + f^f- = i(f Q -f Q ), (8) 

AJ = \ Q + \> Qi \ Q = t (\ Q -\' Q ). (9) 

Henceforth Q = (q, Q) collectively, and Nq denotes the number of singlet quarks. The quark 
mass matrix Mq is diagonalized by unitary transformations Vq l and Vq h as 

, _ / M g \ 

V Qr M q V Ql =M q = q _ , (10) 

V M Q ) 

where M q = diag(m qi ,m q2 ,m q3 ), M Q = diag(m Ql , . . .), and (91,92,93) = (u,c,t) or (d,s,b). 
The quark mass eigenstates qi (i = 1, 2, 3) and Q a (a = 1, 2, ... , Nq) are given by 

q )=V QL l 9 °) ,(q c ,Q c ) = (q C o,Q C o)V QR (11) 

Q J y Qo J 

with the (3 + Nq) x (3 + Nq) unitary matrices as 

V 2x = I \ |(X = L,R), (12) 
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where e qx and e' q represent the q-Q mixing. 

The quark mass matrix M.q may be reduced to a specific form with either A' q g = 
or A q Q = by a unitary transformation of the right-handed quarks. Then, the Yukawa 
coupling X q is diagonalized by unitary transformations of the ordinary quarks as 

X q = diag(A ?1 , A 92 , A 33 ), (13) 

while the condition A' q Q = or A q q = is maintained. These transformations to specify 
the form of M.q do not mix the electroweak doublets with the singlets, respecting the 
SU(3) C x SU(2) W x U(l) y . Hence, without loss of generality we may start with either of 
these bases, 

basis (a) : A' q q = 0, basis (b) : A q Q = 0. 

The Yukawa couplings h q , /q, fg, Xq, Xq and the mixing matrix Vo are redefined according 
to the transformations to specify the quark basis. In particular, h q = solely in the basis 
(a). On the other hand, in the basis (b) a specific relation f' Q = —fg (ft = 0) holds 
apparently though no tuning is imposed among the couplings in the original basis. 
The q-Q mixings are given specifically in the basis ( db) ctS 
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~ ( e 'ar)ia ~ (rn qi /m Q )e{, (14) 



{eqjia ~ {e' qR )ia ~ 4 (15) 

in terms of the q-Q mixing parameters from the fn coupling, 



{ = (vs/m Q )\(f+) ia \/V2 = \(A qQ ) ia \/m Q , (16) 

ue. The 



where trq = rriQ a ~ (|(/q)mi| + \(\n)ab\) v s, an d the bar denotes the mean va 
handed q-Q mixing is suppressed significantly by the q/Q mass ratios m q JmQ 
On the other hand, in the basis (b) 



alue. The left- 



/ \ h 



(17) 



l \ /™ 



l-rnqVi (18) 



in terms of the q-Q mixing parameters from the h q coupling, 

ef = («/mg)P33/^ = K^oU/niQ. (19) 
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The left-handed q-Q mixing is no longer suppressed by the q/Q mass ratios. 

We may move from the basis (a) with A' q q = to the basis (b) with A q q = by using 
a unitary transformation. Here, the left-handed q-Q mixings in the bases (a) and (b) are 
related as e\ ~ {m q Jmo)e{ so that Eq. ( fl4l) is apparently reproduced from Eq. ( fl7|) . Hence, 
the basis (a) may be regarded as a special case of the basis (b) |20] . If | /q | + 1 f'q | > | Xq \ + \ A'n \ 
providing e{ ~ 1 in the basis (a), then it is suitable to adopt the basis (b) alternatively. The 
see-saw basis with M q = is also possible for Nq = 3 
(a) and (b) having a hybrid feature for the quark mixing 



37 1 . Since it is related to the bases 
201 ]. we do not consider explicitly 
the see-saw model. We adopt complementarily the bases (a) and (b), where the ordinary 
quark masses are reproduced as 

m qi = Ci\ q% v/ \[2 (20) 

with C{ ~ 1 depending on the small q-Q mixing , Q, • In the general basis with 

A q Q ^ and A' q Q ^ 0, e.g., the see-saw model, the ordinary quark mass hierarchy is not 
described clearly in terms of the Yukawa couplings \ qr 



B. Flavor-changing interactions 



The CKM matrix V for the VT-boson coupling with the ordinary quarks is given by 

V = V^V V dL , (21) 



where V Uh and V^ L are the 3x3 submatrices in Eq. (fl2l) . The unitarity violation of V is 
induced at the second order of^g^jnixing with e 7j and e ^ T , which should be suppressed 

17, 18, 19, 3, 
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ically 10, [ill, UJ, UJ. 
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261 ] . Then, the realistic CKM matrix V is reproduced by taking suitably 



the original Vo- 

The modification of the left-handed Z-boson coupling with the ordinary quarks is also 



given 



18 



at the second order of q-Q mixing 



19 



20j, 
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B, y, y,y,3fly,y,0, 



ii 



13 



14 



16 



13, 



26| as 



AZ Q [Jq] = -e'e« 



9L 1l ' 



(22) 



where the Z-boson coupling is presented by removing the isospin factor Is(qo) with /3(w ) = 
1/2 and ^(do) = —1/2 for simplicity of notation. The right-handed coupling is, on the other 
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hand, unchanged as AZqc = for /3(<2o) = hiQo) — 0- Specifically, in the basis (a) we have 

AZQ^qjijia) ~ {mJm Q ){m q ./m Q )e{e f j . (23) 

This correction as well as the CKM unitarity violation are suppressed substantially by the 
second order of q/Q mass ratios. Alternatively, in the basis (b) we have 



(24) 



which is no longer suppressed by the q/Q mass ratios. Then, significant constraints are 
placed phenomenologically on the q-Q mi xing s -C 1, which have been investigated exten- 
sively in the literature |l0, 11, 12, 13, 14, 15, 3, 12, 22, 23|. 

The neutral scalar couplings of the quarks Q =U,V are extracted from Eq. ([1]) as 

<f>°=H,S+,S- 



(25) 



where 



A 



s± 

Q 




The real neutral scalar fields, 0^ 



H = V2Re{H° - (H )) 



(26) 
(27) 

S + = V2Re{S - (S)), 



mix generally to form the mass eigenstates 
through an orthogonal transformation Of. 



1,2,3) 



f, 


h ) 






< 


fa 




s+ 


V 


fa j 




\ S -J 



(28) 



The Nambu-Goldstone mode G = \^2lm(H° — (H )) is absorbed by the Z boson. 

The submatrices Ag r [g c g] of these neutral scalar couplings for the ordinary quarks are 
given by 



.T/t f ± /f i J \± f '\ 



(29) 
(30) 
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Here, some close relations hold for the gauge and scalar couplings (see the Appendix [A] for 
derivation). The coupling of the standard Higgs H is given actually as 

Klflh = (mJv)(5 l:j + AZ Q [^q] l3 ) (31) 

with the q-Q mixing induced Z-boson coupling AZg[q^q] in Eq. ( 1221) . Similarly, the coupling 
of the singlet Higgs S+ is calculated as 

^ S Q + [q c q}ij = -{mJv s )AZ Q [^q\ ij . (32) 

Hence the q-Q mixing effects for the scalar couplings Ag[g c g] and Ag + [g c g] are always sub- 
leading compared with those for the Z-boson coupling AZg^q], which is due to the sup- 
pression by m q Jv from the chirality flip. It is rather remarkable that the coupling of the 
singlet Higgs S_ may be dominant without a close relation to the Z-boson coupling. In the 
basis (a) we have 

A s [? c ?]ii( a ) ~ K^MkM' ( 33 ) 

where (ejj aj ~ (m q Jm Q )e f j , (e' q J ia ~ ef, (X Q ) ab ~ {m Q /v s ) and (/g) ia ~ {m Q /v s )e{ are 
applied in Eq. (l30l) . In contrast to the Z-boson coupling AZg^q] in Eq. ( |23|) . the scalar 
coupling Aq [q c q] in Eq. (1331) is suppressed only by the first order of ordinary quark mass. 
In the basis (b), by applying (el)aj ~ ^] and (fn)ia ~ ( m Q/ v s)^{ in Eq- ( J30l) . we estimate 

A S s [? c 9]ii(b) ~ {mq/v 8 )4^ (34) 

up to the sub-leading contribution of the second term ~ (m 9i /v s )e h i e h j in Eq. ([301). Here, 
similar to Eq. ( 1161) . the g-Q mixing parameters are introduced for convenience as e{ = 
(v s /m Q )\2(f Q ) ia \/V2 even though fg=0 (f Q = 2if Q with f Q = -f Q ) for A qQ = in the 
basis (b). It should also be noted, as discussed previously, that by considering the relation 
for the left-handed q-Q mixing, 

el ~ (m q Jm Q )e{, (35) 

Eqs. ([21]) and (1311) in the basis (b) reproduce Eqs. (T2"3"l) and (133]) in the basis (a), respectively. 

We mention for completeness that in the case of one real S (or one supersymmetric S) 
with the /q and Aq couplings (fg = and X'q = 0), the scalar coupling Ag[g c g] is given by 
Eq. ([32]) for Ag+ [q c q] related to the Z-boson coupling AZg^q}. On the other hand, if the 
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bare mass term Mq is adopted instead of the Ag coupling while the /q coupling provides the 
q-Q mixing, the scalar coupling Ag[g c g] is rather given by Eqs. fl33|) and (1341) for A^~[q c q] 
even in the case of one real S. 



III. SINGLET QUARK EFFECTS IN AF = 2 MIXINGS OF NEUTRAL MESONS 

We perform a detailed analysis on the q-Q mixing effects in the AF = 2 mixings of K°, Bj, 
B s and D° mesons, by considering the general bounds for new physics which are presented 



in Ref. 



the literature (2 , 3, Q, 13, 3, 3 



re Z-mediated FCNC's in AZq \q^q\ have 
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3een investi gate d extensively in 
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261 ] . By placing 



experimental constraints on the left-handed q-Q mixings (e qL ) ia ~ (e' )i a ~ in the basis 
(b), these analyses have discussed the possibility of new physics provided by the singlet 
quarks, in particular, for the B meson physics. Here, we rather note that in some cases 
the scalar FCNC's in Ag [q c q] may dominate over the Z-mediated FCNC's in A2g[gtg], 



providing distinct signals for new physics @, y, 0, y,i2o]. This intriguing possibility has 

not been paid so much attention so far in the models with singlet quarks. 

The effective Hamiltonian contributing to the AF = 2 mixing of the neutral meson M 
(K° , Bd, B s , D°) is given generally [38] as 

5 3 



k=l 



k=l 



where 



(36) 



q iQj = sd(K°),bd(B d ),bs(B s ),cu(D ). 



(37) 



The four-quark operators are 



of qi 



a a 'v a a a 13 ^rft O qiqj 
n a a 13 (ft a a O qiqj 



-a a -0 



-a a -0 
QjRQihljhliR^ 



-a 0-0 a 
QjRlihljLliRj 



and a and f3 denote the colors. The operators 0^ 2 % are obtained from the operators £V 2 J 3 
by the exchange L <-> R. The coefficients in the effective Hamiltonian at the scale // = mq 
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of singlet quarks are calculated as 



C M( m Q) 



( 5 /2cos^) 2 (AZ Q [gt g ] ji ) 2 / m | 



(38) 



C 2 M (m Q ) 



(Aq[«;)7™L 
(A|-[g c g ]„)(AS-[g c g]*-)M 2 s 



(39) 
(40) 
(41) 



and the others are zero. Here, the Z-boson coupling AZg^q] and the dominant scalar 



By requiring that these coefficients in Eqs. fl38|) - fT4Tl) are all within the bounds presented 
specifically in Table 4 of Ref. |38f] , we find the allowed range of the q-Q mixing depending 
on the masses mQ,ms_ ~ v$ of the singlet quarks Q and singlet Higgs S-. 

The constraints on the q-Q mixing are given roughly below, where itld = m\j = vs = 
500GeV and = 0.6^5 = 300GeV are taken typically to estimate the FCNC's with Eqs. 
fl23|) . (T241 . fl33l) and (1341 in terms of the q-Q mixing parameters e{ and ef. In the basis (a) 
significant constraints on the d-D mixing are placed by the scalar coupling A^~ [d c d] for , 



Here, the effective CP-violating phases in the FCNC's contributing to the K°-K° mixing 
are denoted collectively by 5u- No significant constraints are, on the other hand, placed 
by the Z-boson coupling AZx>[d^d] which is substantially suppressed by the second order of 
d/D mass ratios in Eq. fl23|) . Alternatively, in the basis (b) constraints on the d-D mixing 



coupling Aq [q c q] are considered, and the scalar mixing in is neglected for simplicity. 



C 2 M andC^ (M = K°,B d} B d ) as 




(44)H0.1/5f 2 (ImK) 

(e{e{)l<0.4 (ReK) 

(e{4)!<0.2 (\B d \) 

(e 2 ^)5<0.5 (\B S \). 



(42) 
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are given as 



[e{e\)\ < 1 x 10- 3 /4 (ImK) 



A?-(b) : V 1 21 V 2 17 V ^ (43) 

(^,(4^<0.01 (i^l) 

< 0.03 {\B S \), 

(e?e£)3 <4x 10- 3 /4 (ImK) 
A7 _ (6^)1 < 0.02 (ReAT) 

AZ^(b) : (44) 
(e^)l < 0.03 

0.09 (|B„|). 

Here, the constraints for the basis (a) in Eq. (j42p are reproduced roughly from those for 
the basis (b) in Eq. (1431 under the relation in Eq. (I3"5l) . Constraints on the u-U mixing are 
estimated in the bases (a) and (b) as 

A£»: (e{e^<0.2 (45) 
Ag-(b) : (e{e§)l, (eje*)* < 8 x lO" 3 (46) 
AZ w (b): (efe$)*<0.01 (47) 

In supplement to the above constraints on the q-Q mixing parameters from the FCNC's, 
so relevant to consider the constraints from the flavor-diagonal Z-boson couplings 



it is a 

0,0 , ll4j. The observed branching ratios of the decays Z — > imply that the deviations 
of the flavor-diagonal Z-boson couplings from the standard model values should be small 
enough. Specifically, in the basis (b) with Eq. (|2"4"|) constraints on the q-Q mixing may be 
placed roughly as 

A2 Q (b) : ef < 0.03 <- |AZ fi [ ff t ff ]«| < lO" 3 . (48) 

On the other hand, in the basis (a) AZQ[q^q]a of Eq. ( 1231) is safely suppressed by {m q Jmo) 2 
except for qi = t. 

To be more quantitative, we present the results of detailed numerical calculations for the 
d-D mixing effects in the down-type quark sector with one singlet D quark (Njj = 1 and 
Nfj = 0) as a typical case. We take various values for the model parameters in a reasonable 
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range as 

v = 246GeV, v s = 500GeV, 
X<k = Adf = V2rn d Jv (preliminary), 
\X D \,\X' D \ G [0.3,1.0] ~m D /v s , 
(^/^)|(^) i |/|A+| G [0,0.05] ~ ^, 
\(f D W\\ + D \,\(f D W\\ + D \e [0,2.0] -ef, 
*rg[hd, Id, I'd* Xd, X' d ] E [-0.3tt, 0.3tt]. 

Here, the VEV vs of the singlet Higgs S is fixed to a typical value for definiteness. The 
complex phases of the Yukawa couplings hd, Jd, fb, Xd, X' d contribute to the CP violation in 
the FCNC's such as 5 12 f° r e K of the K°-K° mixing. The total quark mass matrix M.x> (4x4 
for Nd = 1) in Eq. (jSj) is given for a set of values of the model parameters. This preliminary 
M.x> with A<^ = A? is diagonalized to evaluate the eigenvalues mf^ for the ordinary quark 
masses. Then, by considering the ratios m d °) /m^ ~ 1 we adjust A^ to obtain the actual 
quark masses m^: 

\ di ^m d = 5MeV, m s = HOMeV, m b = 4.2GeV. 

The singlet quark mass is obtained for the above range of the model parameters as 

m D ~ lOOGeV - lTeV(w 5 = 500GeV). 

At the same time, the unitary transformations Vd l and Vd r to specify the quark mass 
eigenstates are calculated. The actual CKM matrix V is reproduced by adjusting the original 
unitary matrix V as V = VV^ 1 ~ VV d \ (K L = 1 for N v = 0): 

V -> V(CKM). 

As long as the q-Q mixing is small enough to satisfy the constraints from the AF = 2 meson 
mixings, the unitarity violation of the CKM matrix is safely suppressed. 

By using these results on the quark masses and q-Q mixings, we evaluate the couplings 
of the quarks with the gauge bosons and Higgs particles. Then, the contributions of the d-D 
mixing induced FCNC's to the effective Hamiltonian 7i^f =2 for the K°, B d and B s mixings 
are evaluated with Eqs. fl38|) - (j4"I|) . They are compared with the experimental bounds 
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basis (a) 




FIG. 1: Scatter plots of r 2 (B d ) = |C*lJ/|C|J max (o) and r 2 (B s ) = \C^ s \/\C%J max (a) versus 
(e{e f 3 y/ 2 for the B d -B d and mixings, respectively, which are provided by the S- coupling 



S 

A^[d c d\ in the basis (a). 



presented in Table 4 of Ref. [38| to find the allowed range of the d-D mixing parameters e{ 
and e^. In this analysis, the masses of the Higgs particles are taken typically as 

m H = 120GeV, m s+ = m s _ = 300GeV. (49) 

Note here that the contributions of the S*_ coupling in Eqs. (139]) - fj4"Tj) are proportional to 
l/m|_. Hence, as ms_ is larger, the allowed range of the q-Q mixing parameters is extended 
further. 

We have made the above calculations for many samples of the model parameter values. 
We show some characteristic results in the following. The portions of the d-D mixing effects 
in the AF = 2 meson mixings for the experimental bounds |C^ f | max [38| are denoted by 

r k (M) = \C k M \/\C k M \ max . (50) 

In Fig. [1] scatter plots of r 2 {Bd) (°) and r 2 (B s ) (A) versus (ele^) 1 ^ 2 are shown for the Bd- 
Bd and B s -B s mixings, respectively, which are provided by the singlet S_ coupling A^" [d c d] 
in the basis (a). Similar plots of r 2 (B s ) (A) and r 2 (Bd) (o) versus {(- 2 (-{) 1 ^ 2 are shown in Fig. 
HJ The bounds for the K°-K° mixing have been checked to be satisfied in these plots. The 
results in Figs. [1] and [2] are in accordance with the rough estimates to obtain the bounds 
in Eq. (j42l . The dominant effects of the S_ coupling A^[d c d] of Eq. (1331) are estimated in 
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FIG. 2: Scatter plots of r 2 (B s ) = |C|J/|C 2 (A) and r 2 (£? d ) = |C|J/|C|j max (o) versus 
( e 2 e 3) 1//2 ' similarly to Fig. [TJ 




FIG. 3: Scatter plots of n(B d ) = |^J/|C^| max (.) and r 2 (B d ) = |C 2 J/|C 2 J max (o) versus 
(e^) 1 / 2 for the 5^ mixing, which are provided by the Z coupling AZz>[cftd] and the S- 
coupling A^~[d°d], respectively, in the basis (b). 

Eq. as |C|J ~ (m b /v s ) 2 (e{4) 2 /™s_ and |C|J ~ (m b /v s ) 2 (44) 2 / m s _. In the log-log 
plot of Fig. [1], T2{Bd) (o) shows roughly the expected linear correlation with (e{eg)^, while 
r 2 (-B s ) (A) are distributed independently of (44)^- We see the similar feature in Fig. [2] 
for r 2 (B s ) (A) and r 2 (Bd) (°) versus (6263)2. Precisely, in the basis (a) the (i-Z) mixing 
parameters e\ are denned with the /J coupling, while the singlet d_ coupling A^" is given 
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FIG. 4: Scatter plots of n(B s ) = \C Bs \/\C Bs \ max (a) and r 2 {B s ) = \C B J/\C B J max (A) versus 
(e^) 1 / 2 for the B s -B s mixing, similarly to Fig. [3j 

by the f B coupling (\fp\ ~ \f B \ generally). This fact provides the appreciable spreads in the 
plots of r 2 {B d ) versus {e{e{)^ and r 2 (B s ) versus (6263)5. We find in these plots that the d-D 

f f 1 f f 1 

mixing parameters (6163)2 and (e^D 5 are really constrained for r 2 {Bd) < 1 and r 2 (B s ) < 1, 
respectively, as shown in Eq. fj42l) . We note particularly that both the bounds for the 
Bd-Bd and B s -B s mixings may be saturated simultaneously with e{ ~ 1 and (efe^)^ ~ 0-1 
without conflicting with the bonds for the K°-K° mixing. Generally, in the basis (a) the 
right-handed d-D mixing is rather tolerable with e\ ~ 0.1 — 1. This is because the right- 
handed components of the ordinary and singlet quarks are indistinguishable with respect to 
the gauge interactions. 

In Fig. [3] scatter plots of ri(B d ) (•) and r 2 (Bd) (°) versus {^l^l) 1 ^ 2 are shown for the 
Bd-Bd mixing, which are provided by the Z-boson coupling AZv[d^d] and the singlet S- 
coupling Ap[d c d], respectively, in the basis (b). Similar plots of ri(B s ) (A) and r 2 (B s ) (A) 
versus (e 2 e^ ) 1//2 are shown in Fig. H]for the B s -B s mixing. The bounds for the K°-K° mixing 
have been checked to be satisfied in these plots. The flavor-diagonal Z-boson couplings have 
also been checked to satisfy | AZq^ q\u\ < 3 x 1CT 3 , as considered in Eq. (T4"g|) . The effects 
of the Z-boson coupling AZgfgtg] of Eq. (T24"j) are estimated in Eq. fl38l) for the basis (b) 
as \C x Ba \ ~ (e^) 2 V2G F and \C B J ~ (e^) 2 V2G F . In the log-log plot of Fig. El n(B d ) (•) 
shows clearly the linear correlation with (e^)^ [here more precisely (eq L )i — (e^ L )i — <h for 
the left-handed q-Q mixing]. This is also the case in Fig. @]for ri(B s ) (A) versus (e 2 e^)^ . The 
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d-D mixing with e\ ~ 0.03 and 4 ~ 0.03 may saturate the bound for the B^-B^ mixing via 
the Z-boson coupling, ri(B d ) = \/\C^ \ max ~ 1, as seen in Fig. [3], which also provides 
significant effects ~ 0.1% on the flavor-diagonal Z-boson couplings in Eq. (j48p . On the other 
hand, as long as < 0.03, the d-D mixing effect Cg s via the Z-boson coupling is fairly 
below the bound for the B s -B s mixing, ri(B s ) = |C# \/\Cg | max < 0.1, as seen in Fig. HI It 
should be noted here that as seen in Figs. [3]and|U the contributions C| (o) and C\ s (A) 
via the singlet 5_ coupling [d c d] of Eq. (13^1) may dominate over the Z-boson coupling 
effects in the parameter region of e{ > e 1 *, where the bounds in Eq. (jl3~I) are applicable. In 
particular, the case of e{ ^> t\ is connected gradually to a suitable parameter region in the 
basis (a). 

In short, remarkable effects may be provided particularly for the B mesons through the 
significant mixing between the b quark and the singlet D quark with e{ ~ 1 or e% ~ 0.03, as 
seen in the above. They are fairly expected to serve as new physics for the flavor-changing 
processes and CP- violation in the B meson physics. Specifically, it is well known that there 
is tension between the experimental constraints and the standard model contribution to the 
b — > S7 process, and hence this process should not be used as a constraint at present. The 



recent constraint by HFAG 39j is given as the average of the data of BABAR, Belle, and 
CLEO, Br (6 — > sj) = (352 ± 23 ± 9) x 10~ 6 , while the recent predictions of the standard 



40] and Br(6 — > 57) 



model contribution are given as Br(6 — > 57) = (315 ± 23) x 10 -6 
(298 ±26) x 10~ 6 4j|. Even though this discrepancy is small, it may be confirmed by future 
experiments. The FCNC's via the d-D mixing can provide a solution of the discrepancy. 
This topic is, however, beyond the scope of the present work, and will be studied elsewhere. 



IV. DECAYS OF SINGLET QUARKS AND HIGGS PARTICLES 

We now investigate the decays of the singlet quarks and Higgs particles, which will provide 
distinct signatures upon their productions at the LHC The flavor- changing interactions 
between the singlet quarks Q and the ordinary quarks q are relevant for these decays at the 
tree level. Specifically, the left-handed Z-boson couplings are given as 

ZqWQU = Z Q [Qhr ai = (Vle qL ) ia ~ (e qh ) ia , (51) 
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while the right-handed ones are absent. Note here that Zg\q^Q] = AZq^Q], as shown in 
Eq. flA7j) ; the q-Q transitions in the Z-boson couplings are just induced as the q-Q mixing 
effect. The left-handed VT-boson couplings are given in terms of the Z-boson couplings and 
the CKM matrix in a good approximation up to the second order of the small q-Q mixing 

as 

V[vtD]ia = V[D^u]* ai ~ (VZ v [JD]) ia , (52) 
V[SU] ia = V[UU]* ai ~ (V^Z u [u^U]) ia , (53) 

while the right-handed ones are absent. The neutral scalar couplings are given as 

Aq[<7 c Q] m = {m qi /v)Z Q [jQ) ia , (54) 

A%[Q c qU = (m Qa /v)Z Q [QU)ai, (55) 

A S Q + [q c QU = -(mJv s )Z Q [q^QU (56) 

A S Q + [Q c q}ai = -(m Qa /v s )Z Q [QkU (57) 

Aq = ( V lfQ V Q, - e' qn X Q V Qh ) ia /V2 } (58) 

A S Q [Q c qU = (-4/q 4 - ^ R ^ejj a ,/V2. (59) 

Here, A^[q c Q} ia stands for gi R Q aL 0°, and A^[Q c q\ ai for QaR<?iL0r, respectively, in terms of 
the Dirac fields. The relations among the gauge and scalar couplings in Eqs. floTT) - floTI) are 
derived in the Appendix [A] 



A. Singlet quark decays 

We first investigate the singlet quark decays. We describe the essential features by consid- 
ering the case of one down- type singlet quark D (a = 1 is omitted for No = 1 and Njj = 0) . 
Similar results are obtained in the general cases of some D and U quarks, especially for 
the lightest singlet quark. While the heavier singlet quarks may decay dominantly into the 
lighter singlet quarks and Higgs particles in the general cases, we concentrate on the decays 
of the lightest singlet quark producing the ordinary quarks. 

The partial widths of the relevant decay modes are calculated (when they are kinemati- 
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cally allowed) as 



T(D^ Ui W) = ^^g(x w ,x Ui )\V[u^D] t \ 2 , (60) 



rp^diZ) = -^^(1-34 + 24) 

(61) 



x 



167T 

xdA^^^ + IAfK^],! 2 ), (62) 



167T 

xdA^^^ + IA^^D],! 2 ), (63) 
where x w = m w /m D , x z = m z /m D , x H = m H /m D , x s± = m s± /m D , x Ui = m u Jm D , and 

g(x,y) = [l-( X + y)*\W[l-( X -y)*\V* 

x[x 2 (l-2x 2 + y 2 ) + (l-y 2 ) 2 }- (64) 

The scalar mixing is neglected (O^ = 1) for a while. The kinematic effects of m^/mD ^$ 0.02 
for run > 200GeV may be neglected in a good approximation, while T(D — > tW 7 ) depends 
sensibly on m t /m£>. 

The flavor-structure of the d-D mixing is measured manifestly in the D decays into the 
ordinary quarks di — d,s,b and the Z boson as 

r( J D^^)(x|(e d J l | 2 , (65) 

where Z v [d^ D]i ~ (e<f L )i for the Z-boson coupling. The partial width of the D quark decays 
producing the Z boson is inclusively estimated for the reference as 

T D (Z) = ^TiD^diZ) 

i 

- 20MeVx (ra) 3 (5W- < 66 > 

where (e d J; ~ e\ with \t h \ = [(e?) 2 + (e£) 2 + (4) 2 ] 1/2 in the basis (b), and t\ -> 
{mdjra£))e{ for (ed h )i in the basis (a). By considering Eqs. fl5T|) . fl52|) . ([51]) and (|55|) with 
\A%[d c D\j\ 2 /\K%[D c d} t \ 2 = (m d Jm D ) 2 < 1, we find the well-known relations [31] 

r(L> -> ttiWO ~ 2r(D -> tZ f Z), (67) 
r(D -»■ tfcff) ~ r(D -»■ (68) 
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or inclusively 

T D (W) = J2 T ( D ^ U * W ) ~ 2T d(Z), (69) 

i 

T D (H) = J2 T ( D ^ d * H ) ~ r ^(^)' ( 7 °) 

where = 1. The actual values of these widths are evaluated depending on the kinematic 
factors and the CKM mixing. 

In the present model with the complex singlet Higgs, the decays of the singlet quark 
D producing the singlet Higgs scalars S± are possible for > rris ± + m^. Especially, 
it is remarkable that the decays with S- may dominate over the other decay modes. By 
considering ~ (e' dR )A D ~ {m D /v s )e{ and A^ejji ~ (m D /v s )e^ in Eqs. (EHJ) and 

f l59|) . the 5*_ couplings are estimated roughly as 

A S v [d c D} t ~ {m D /v s )e{, (71) 
A£-[D C 4 ~ (m D /v s )el (72) 

Here, for the sake of convenience we adopt = (m^/m^ej in the basis (a) though = 0, 
while e{ = (vs /rriD)\2(fQ)i\/ y/2 in the basis (b) though fg = 0, as discussed concerning Eq. 
( 1351) . Then, we estimate roughly the partial width of the D decays producing S" as 

i 

,r ( m D \ 3 /500GeV\ 2 

~ lOMeV x 

V500GeV/ \ v s J 

\e f \ 2 + \e h \ 2 

X (0.03) 2 ' (?3) 
where |e^| = [(e{) 2 + (e^) 2 + {^{) 2 } 1 ^ 2 - (The actual value is reduced to some extent by the 
kinematic factor for mjj ~ ™>s--) This width T^(S^) for the decays into the singlet scalar 
S- dominates over the reference width Tj^(Z) for the decays into the Z boson in Eq. (166]) 
for |e-^| 2 ^> \e h \ 2 , especially in the basis (a) with — > (m^/majej. As for the D decays 
with S + , the partial width is simply related to Y D (Z) by Eq. (j57|) as 

T D (S + ) = J2 T ( D ^ diS + ) ~ (t;/^) 2 r D (Z), (74) 

i 

which amounts to 0(10%) of Td(Z) for vg ~ 500GeV. Even this slight enhancement due to 
Td(S + ) for the .D decays into the scalars H and S + might serve as an experimental signature 
for the singlet Higgs even if S_ is absent in the model with one real S = S + . 
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Here, it should be noted that the S"__ coupling may even provide significant contributions 
to the decays D — > dji through the H-S_ mixing e#s_ m 0$. In fact, the d-D coupling 
with the standard Higgs H (more precisely the mass eigenstate <pi ~ H with e#s_ "C 1) is 
replaced in Eq. ( 162|) as 

A£^A£ + e HS _A S v . (75) 
Then, instead of Eq. ( JT01 we obtain 

T D (H) ~ Y D {Z) + e 2 HS _Y D {SJ), (76) 

where the interference term between A^ and A^," is omitted for simplicity. This enhance- 
ment of Tb{H) with €hs-^v m Eq. (!75|) is valid even when the decays D — > diS_ are 
forbidden kinematically for < ms_ + m^. In the presence of a small but sizable H-S_ 
mixing ens- ~ 0.01 — 0.1 the singlet quark decays D — > diH may become the dominant 
modes, particularly in the basis (a) due to the substantial suppression of D — > d{Z with 
\Z v [dW]i\ 2 ~ (m d Jm D ) 2 (e{) 2 < 10~ 4 . Hence, if T D (H) > T D (Z) is confirmed experi- 
mentally, which is contrary to the usual expectation of Eq. ( 1701) . it will provide a distinct 
evidence for the complex singlet Higgs field S with the H-S_ mixing. The decays D —>■ diS + 
may also be enhanced substantially as T D (S + ) ~ e "s + s^D(S-) via a sizable S + -S_ mixing 

We present in the following the detailed estimates on the widths of the relevant decay 
modes, where the constraints on the d-D mixing from the AF = 2 meson mixings and the di- 
agonal Z-boson couplings are checked to be satisfied according to the numerical calculations 
performed in Sec. IIHI 

We suitably denote the ratios of the relevant widths to the reference width as 

R D (X/Z) = (77) 
1 M Z J 

where X = W,H, S + , For the usual decay modes D — > UiW, D — > diZ and D — > diH, 
scatter plots of Ru(W/Z) (□, ■) and Rr>(H/Z) (A, A) versus the singlet quark mass m D 
are shown in Fig. [5] for the bases (a) (□, A) and (b) (■, A). Here, vs = 500GeV, and 
the Higgs scalar mixing is assumed to be absent (O^ = 1). Similar results are obtained for 
the bases (a) and (b) since these bases are equivalently related to each other by the unitary 
transformation, as discussed in Sec. [Til Note here that larger values may be obtained for 
the singlet quark mass mo with a given singlet Higgs VEV v$ in the basis (a) (□, A), which 
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m D (GeV) 



FIG. 5: R D {W/Z) = T D (W)/T D (Z) versus m D is shown for the bases (a) (□) and (b) (■). 

Rd(H/Z) = r d(H) /r d(Z) versus mo is also shown for the bases (a) (a) and (b) (a). Here, 
vs = 500GeV, and the Higgs scalar mixing is assumed to be absent (O^ = 1). 

is due to the significant contribution of the q-Q mixing term A q q = fgVs/Vz for |e^| ~ 1. 
The lower boundary curve for R^iW/Z) reflects the kinematic factor of the dominant top 
contribution D -> tW with \V[u j D} 3 \ 2 > \V[u^ D}^ 2 \ 2 . In this case the singlet D quark 
mixes mainly with the b quark as | (erf L )3 1 2 | (erf L ) 1,2 1 2 • On the other hand, in the case 
that the top contribution is negligible with |V[m^-D] 3 | 2 <C |V[u^-D] 12 | 2 , the asymptotic value 
Rd(W/Z) = 2 is almost saturated for mo > 300GeV. We also see that Rd(H/Z) approaches 
the asymptotic value Rd(H/Z) = 1 showing the kinematic dependence on mp. These results 
really confirm the usual expectation in Eqs. fl69|) and flTOj) . It should, however, be remarked 
that as shown in Eq. ( J76l) . the D decays with the standard Higgs H may be enhanced 
substantially as Rd(H/Z) 3> 1 due to the singlet Higgs coupling A^" via the H-S_ mixing. 

The reference width V £,{Z) versus the magnitude of the left-handed d-D mixing |e |, as 
given in Eq. (|66j) . is shown in Fig. [61 Here, the marks o and • denote the estimates in 
the bases (a) and (b), respectively, and = {m q Jm D )e{ as Eq. fl35l) is adopted in the 
basis (a) though = formally. This plot of Td(Z) spreads according to the variation of 
ran ~ lOOGeV — ITeV due to the fact that Td(Z) is almost proportional to rr? D . 

The decay widths Yd(Z) and Yd{SJ) for the significant modes are compared in Fig. 
[3 According to Eqs. (16"6"|) and f[75|) . by measuring these decay widths we can estimate the 
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FIG. 6: Td(Z) versus \e h \ in the bases (a) (o) and (b) (•). Here, = (m qi /m,£))e( as Eq. ([35]) is 
adopted in the basis (a) though = formally. 
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FIG. 7: Td(Z) and Td(S-) are compared in the bases (a) (o) and (b) (•). 



magnitudes of d-D mixings, \e h \ from the hd coupling and \e^\ from the fjj and f' D couplings. 
Specifically, T D (S-) T D (Z) for |e^| ^> \e h \ as in the basis (a) (o), while T D (SJ) < T D (Z) 
for |e* | < |e | as in the basis (b) (•). The decay width Td(H) with the standard Higgs H 
is also relevant to measure the relative significance of |e | versus |e* | according to Eq. (!76l) 
with the sizable H-S- mixing. This is useful even if the decays D — > rfjSL are kinematically 
forbidden for ms_ > m.o + m^. A plot of Rd{H/Z) versus |e^|/|e ft | is shown in Fig. [8] for 
the bases (a) (A) and (b) (A), where eus- = 0.1 is taken typically for the H-S- mixing. In 
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FIG. 8: R D {H/Z) = T D (H)/T D (Z) versus \e f \/\e h \ is shown for the bases (a) (A) and (b) (A), 
where ejiS- =0.1 is taken typically for the H-S- mixing. 

the region of |e^|/|e /l | ^> 1, the contribution of the singlet Higgs coupling dominates as 
T D (H) ~ e 2 HS -T D (S^) ^> T D (Z). On the other hand, in the region of le^/le^l < 1 we have 
Td(H) ~ ^d(Z) as usually expected. 

In these plots of Figs. El El [7] and El the regions for the bases (a) and (b) overlap 
as expected, but they are not identical. This is because the actual parameter ranges are 
somewhat different for the bases (a) and (b); although the parameter ranges have been taken 
apparently in the same way for these bases in the numerical calculations, except that h q = 
in the basis (a), they are not mapped identically to each other by the unitary transformation 
between the bases (a) and (b). Specifically, in the basis (a) we have a significant constraint 
l e/l |/l e ^l ~ m b/ m D ~ 0.01 from the relation e\ ~ (m^/m^ef , implying \e h \ < 0.01 as long 
as |e^| < 1. This is explicitly seen in Figs. El and El We also note that the plot for the basis 
(a) in Fig. El spreads significantly. This is in some sense an artifact due to the definition of 
the d-D mixing parameters e{ in terms of f^ = f D + f' D for the basis (a). The singlet S- 
coupling A^" is rather given by fp = i{fo — fb)- The spread in the plot for the basis (a) 
really reflects the partial cancellation between fo and f' D for the A^" coupling. On the other 
hand, for the basis (b) the parameters e{ are defined suitably with fp = 2if D (f D = —f' D for 
fp = 0). Hence, the plot for the basis (b) almost lies on a curve up to the small fluctuation 
due to the kinematic factor, which gives the boundary of the plot for the basis (a). This 
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boundary really corresponds to the extreme case fn ~ —f' D for \f D \ m 2\f D \ in the basis 
(a). 

As seen so far, the singlet D quark decays present us important insights on the d-D mixing 
effects for the flavor-changing processes. Especially, if it is observed that r £>(£_) Td(Z), 
we find that the singlet Higgs scalar interactions dominate over the Z-boson interactions. For 
example, suppose that the current experimental bound for the B^-B^ mixing 



is almost 



saturated with (e{e{)2 ~ 0.2 for ms_ ~ 300GeV in the basis (a) as shown in Eq. (J42]), 
which implies |e / | > v / 2x0.2» \t h \. Then, we expect T D {SJ) ~ lGeV - lOGeV > T D (Z) 
for m D ~ 500GeV - ITeV, as seen in Eq. and Fig. Contrarily, if T D (S-) < lMeV 
for mo > 500GeV, which implies |e* | < 0.01, the scalar FCNC's do not provide significant 
contributions to the AF = 2 meson mixings. As for the D decays with the Z boson, if 
there is a significant left-handed d-D mixing as \e h \ ~ 0.03 in the basis (b), we expect 
T D (Z) ~ lOMeV - lOOMeV for m D ~ 500GeV - ITeV in Eq. ([66]) • In this case, the bound 
for the Bd-Bd mixing may be saturated by the Z-mediated FCNC with (e^e^)^ ~ 0.03, as 
shown in Eq. (Si). On the other hand, if T D (Z) < O.OlMeV for m D > 500GeV, which 
implies \e h \ < 0.001 (see Fig. EJ, the effects of the Z-mediated FCNC's are ne£rlie:ible in the 
AF = 2 meson mixings. 



B. Higgs particle decays 

We next survey the decays of the Higgs particles H, S + and S_, or more precisely the 
mass eigenstates 0i, <p2, <p3 with the mixing matrix O^. 

The standard Higgs H is probably lighter than the singlet quarks Q (rug > mn ~ 
120GeV) so that its decays involving the singlet quarks are forbidden kinematically. It 
should also be noted that the q-Q mixing effect on the H coupling with the ordinary quarks 
appears merely at the second order related to the modification of the Z-boson coupling, as 
seen in Eq. f l3T|) . Hence, the Higgs particle H will decay essentially in the same way as the 
standard model unless the H-S^ mixing is so large as to provide significant effects. 

The singlet Higgs particles S± will be produced significantly by gluon fusion via a loop 
of singlet quark Q coupled to S± with the strength ~ |Aq| ~ ^iq/vs ~ 1. The production 
rates of S± will be comparable to that of the standard Higgs H unless S± are substantially 
heavier than H. If ms ± < rriQ, the singlet quark decays Q — > qiS± also produce S±, as 
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discussed so far. It should be remarked that some indirect indication for the presence of S- 
may be obtained via the H-S_ mixing, specifically in the case of Tq(H) ^> Tq(Z) for the 
singlet quark decays Q — > qH. 

In the case of ms ± < rug, the singlet Higgs particles S± decay predominantly into the 
ordinary quarks through the scalar interactions in Eqs. (]BZD , ( BSD an d p4l) at the second 
order of the q-Q mixing: 

S± -> <Mj- (78) 

The decay widths are estimated particularly for S- in comparison with that of the standard 
Higgs H as 





2 + |aS"[^I 


2 ) 


m H |AQ[g c g] 3 3 


2 



r(# -> 66) 

~ [(m 5 _/m^)(m Q /t;5) 2 /(mfe/w) 2 ] 

x[( e f) 2 (6?) 2 + (ej) 2 (ef) 2 ], (79) 

where — > {m q ./mo)e^ in the basis (a). We estimate, for instance, r(5_ — > bb)/T(H — > 
66) ~ [lO^eg)^] 4 for ms^/mn ~ 3, itld/vs ~ 1 and m^/f ~ 1/60, which may amount to 
0(1) for the large 6-.D mixing as £3 ~ 1 and £3 ~ (m^/m^e^ ~ 0.01. The flavor-changing 
decays such as S 1 - — > 6s as well as the flavor-diagonal ones may have significant fractions. 
This is distinct from the standard Higgs H, presenting a promising signature of the singlet 
Higgs SL. In fact, we estimate 

%\Zli ~ + ( ^> 2 - (80) 

depending on the flavor structure of the d-D mixing. If the singlet U quarks are present with 
a large t-U mixing, the decays S- — > ti,tUi,Uii involving the top quark may be observed 
with significant fractions. 

In this way, the decays of the singlet Higgs S*_ into the ordinary quarks are determined in 
terms of the q-Q mixing parameters with close connection to the flavor-changing processes 
such as the AF = 2 meson mixings. As for the the singlet Higgs S+, its coupling is given in 
Eq. (132]) by the Z-boson coupling at the second order of q-Q mixing with further suppression 
by the ordinary quark mass. These arguments on the S± couplings with the ordinary quarks 
generally suggest that 

T H >Ts-^>Ts + (m s± <m Q ,0^1). (81) 
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for the decay rates of the Higgs particles if the Higgs mixing is negligibly small. It is, 
however, possible that the large Higgs mixing, in cooperation with the q-Q mixing, affects 



significantly the decays of H and S±. (See also Ref. [42j for investigations of extended 
Higgs models at the LHC.) Therefore, the observations of the Higgs particle decays present 
important information on the Higgs mixing and q-Q mixing. 

In the case of m s± > tuq, the singlet quark decays Q — > qS± are forbidden kinematically. 
Even in such a case the singlet Higgs S± will be produced significantly by the gluon fusion 
via the singlet quark loop. Then, they decay predominantly involving the singlet quarks as 

S±^Qq,Qq,QQ. (82) 

The decay widths are estimated in terms of the scalar couplings Ag* in Eq. fl27j) . In 
particular, if ms ± > IrriQ we have 

T(S ± - QQ) ~ (mQ/ ;f mS± > lOGeV » Y H (83) 

l07T 

with Br(S± -> QQ) « 1 for m s± > 500GeV and |Aj| ~ m Q /v s ~ 1. 



V. SUMMARY 



The singlet quarks in cooperation with the single Higgs field may provide various inter- 
esting effects in particle physics and cosmology through the mixing with the ordinary quarks 
(q-Q mixing). It is hence worth considering their phenomenological implications toward the 
discovery of them at the LHC. In this study we have investigated the flavor-changing inter- 
actions in the model with singlet quarks and singlet Higgs, which are induced by the q-Q 
mixing. While the gauge interactions have been investigated extensively in the literature, we 
have rather noted here that the scalar interactions mediated by the singlet Higg may provide 
significant effects in some cases. This possibility has not been paid so much attention before 
in the models with singlet quarks. We have considered the effects of the gauge and scalar 
interactions in the AF = 2 mixings of the neutral mesons to show the currently allowed 
range of the q-Q mixing. Then, we have investigated the decays of the singlet quarks and 
Higgs particles as the new physics around the electroweak scale to the TeV scale, which 
is accessible to the LHC. Especially, the right-handed q-Q mixing may be tolerably large 
without contradicting the current bounds on the flavor- changing processes, since it is not 
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involved directly in the electroweak gauge interactions. If this is the case, the scalar coupling 
by the singlet Higgs, and possibly through the Higgs mixing, provides distinct signatures 
for the decays of the singlet quarks and Higgs particles, which should be compared with the 
conventionally expected ones via the gauge and standard Higgs couplings. We expect that 
observations of the singlet quarks and Higgs particles will present us important insights on 
the q-Q mixing and Higgs mixing. 
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APPENDIX A: RELATIONS AMONG THE GAUGE AND SCALAR COUPLINGS 

We here derive the suitable relations among the gauge and scalar couplings. 
The full mixing matrix for the left-handed ly-boson coupling is given by 



V 




VlV V dL VlV e d 



u ' "I- 



Then, we obtain from the off-diagonal blocks 



(Al) 



VWD\ = VlV e dL ~ VVle dh , (A2) 
V [UU] = elV V dh ~ elV Uh V, (A3) 

where the approximate unitarity V qL V^ L ~ 1 is considered up to the second order of the 
small q-Q mixing. By applying Eq. (loT!) for the Z-boson coupling to Eqs. ( 1A2I) and ( 1A3I) . 
we obtain Eqs. (1521) and ( 1531) . 

The left-handed Z-boson coupling is given originally in the electroweak basis (qo, Qo) as 



1 





4 o, = i i. <A4) 
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where a = sin 2 OwQem(Q) / hilo) , an d the division by ^((fo) = ±1/2 is for convenience of 
notation. It is transformed in the basis of mass eigenstates (q, Q) as 





V Sl - a . (A5) 



The modification of the Z-boson coupling due to the q-Q mixing is calculated from Eqs. 
flAil) and flASJ) as 

AZ G = 





V et e 



(A6) 



Here, we have considered the relation V ( j h V qL — 1 = — e^e^ from the unitarity of Vq l to 
obtain Eq. (|22j) for the upper diagonal block AZg^q] in AZq. We also obtain the Z boson 
q-Q couplings in Eq. (I5T]) from the off-diagonal blocks in Eqs. (1A5j) and (1A6[) as 

Z e [gtQ] = AZ Q ^Q] = V g [e qL = {Z Q [Qh))l (A7) 

We note the relation from Eq. (1A6[) as 

VU 1 ° V Ql = AZ Q + ( 1 ° ] • (A8) 
By taking the difference between this relation and that for the unit matrix 

(A9) 

~~ yo 1 / yo i / 

we obtain another relation 

AZ 2 + . (A10) 
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By using Eq. (1A8I) . we calculate 



V Qn M Q \ * ° V Sl = M Q V Qh 1* ° | V Qh 



M Q AZ Q 



M q 




(All) 



On the other hand, by considering Eq. ([6]) for M q and A' q in Aig we obtain Aq in Eq. 
(|26|) as 

(A12) 

Comparison of Eqs. flAllj) and (IA12I) establishes the relation between the Z-boson coupling 
and the standard Higgs H coupling, 

„ / MJv o\ 

A» = (M Q /v)AZ Q +\ ql . (A13) 

v °/ 

Specifically, Eq. (13T|) is obtained from the upper diagonal block, and Eqs. f|54l) and (|55|) 
from the off-diagonal blocks with Zq^Q] = AZ Q [q^Q]. 

Similarly, we obtain the relation between the Z-boson coupling and the singlet Higgs S + 
coupling as follows. By using Eq. flAlOp . we calculate 



i 00 _ , / , 

QrMq I o i Vsl = Mq Qh o i 1 KlL 



-MqAZ q 





Mr 



(A14) 



On the other hand, by considering Eq. (j7|) for A q Q and Mq in A4q we obtain Aq in Eq. 
(EZD as 

(A15) 
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Comparison of Eqs. (1A14j) and (1A15I) leads to the expected relation 

AS + = -(M Q /v s )AZ Q + f ° ° ] (A16) 

^ Mq/vs ) 

Specifically, Eq. (132]) is obtained from the upper diagonal block, and Eqs. (1561) and (J5 
from the off-diagonal blocks with Zq^Q] = AZq^Q}. 
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